1. Introduction {#sec1-materials-10-01074}
===============

Nanostructured materials and composites are extensively investigated for novel and functional applications due to their unique physical, chemical, and mechanical properties \[[@B1-materials-10-01074],[@B2-materials-10-01074],[@B3-materials-10-01074],[@B4-materials-10-01074]\]. For example, reduced graphene oxide films are deposited and used as flexible and transparent semiconductors \[[@B1-materials-10-01074]\]. Similarly, nanowires and arrays of nanocantilevers are being extensively investigated for the detection of malignant lesions from biological fluids \[[@B2-materials-10-01074]\]. One such nanoscale material is organic/inorganic nanofibers, which has been widely employed in applications such as filtration, Li-ion batteries, nanoelectronics, bioinspired adhesives, and tissue engineering \[[@B5-materials-10-01074],[@B6-materials-10-01074],[@B7-materials-10-01074],[@B8-materials-10-01074]\]. Techniques that are used to fabricate these nanofibers include electrospinning and melt-electrospinning \[[@B9-materials-10-01074],[@B10-materials-10-01074]\]. Mechanical properties of these fibers are important in order to design fibrous membranes for applications such as scaffolds, wound dressings, filtration, and drug delivery \[[@B6-materials-10-01074],[@B11-materials-10-01074],[@B12-materials-10-01074],[@B13-materials-10-01074],[@B14-materials-10-01074]\]. For example, electrospun membranes have found applications as wound dressing materials, as these membranes can be elastic, flexible, and sufficiently strong \[[@B12-materials-10-01074]\]. Typically, the diameter of these electrospun fibers ranges from \~50 nm to few microns. Handling of these small-size fibers makes it difficult to test the mechanical properties of an individual fiber. Investigating the mechanical properties of an individual fiber is crucial and is required to develop models that can be used to understand the behavior of the membranes.

A variety of techniques have been used to measure the mechanical properties of individual fibers. These techniques include a method in which an individual fiber is attached to a cantilever tip of an atomic force microscope (AFM). The AFM cantilever is then used to bend the fiber to measure its Young's modulus \[[@B15-materials-10-01074]\]. Another technique uses a tipless AFM cantilever to bend an individual electrospun fiber collected on a patterned substrate to measure its mechanical properties \[[@B16-materials-10-01074]\]. For example, Persano et al. \[[@B17-materials-10-01074]\] collected individual suspended PVDF fiber and measured the piezoelectric response of an individual fiber by applying mechanical stress using an indenter. One of the extensively used technique uses a combination of atomic force microscope and inverted optical microscope \[[@B18-materials-10-01074],[@B19-materials-10-01074]\]. Individual electrospun fibers collected on a patterned substrate are mechanically operated with an AFM cantilever tip, and the process is visualized through an optical microscope. In order to investigate the mechanical properties of individual fibers in a compressive loading state, micro-/nano-pillar compression and the use of a nanoindenter (or picoindenter) is more common where the height-to-diameter ratio of the pillar is at least three \[[@B20-materials-10-01074],[@B21-materials-10-01074],[@B22-materials-10-01074],[@B23-materials-10-01074]\].

In many of the AFM-related techniques, the AFM tip is used to stretch the fiber along the patterned substrate. The load vs. displacement curves thus collected are used to estimate the properties of individual electrospun fibers. The limitation associated with this technique is that the load can only be measured between 1 nN to 1 μN and the displacement is restricted between 10 pm to 10 μm. In this study, we use a picoindenter to measure the adhesion behavior of a single fiber in a scanning electron microscope (SEM). The technique offers advantages such as wide range of applied forces and displacements. Since the test is performed in-situ in a SEM, it enables us to visualize the detachment of the fiber from the substrate during the test. The applied forces in this technique can range from \~0.1 μN to 100 μN, and the displacements can range from \~0.1 nm to 1 mm. This increase of the measurement range is crucial and has proven useful in the measurement of strong adhesion force as will be evident later in the present study. Since the test is performed in a SEM, the detachment of the fiber can be clearly and precisely visualized compared to other optical techniques.

This manuscript particularly focuses on the pull-off force, the force required to detach the fiber from the surface of substrate. Pull-off force essentially measures the van der Waals forces between the fiber and the substrate. Pull-off force is essential for applications where organic/inorganic material attaches to the fibrous membrane under the action of van der Waals forces. These applications include tissue engineering (adhesion of cells to the fibers), nanocomposite (adhesion of nanoparticles, or adhesion of supporting matrix to the fibers), and adhesive membrane (adhesion of fibers to a given surface) \[[@B24-materials-10-01074],[@B25-materials-10-01074],[@B26-materials-10-01074],[@B27-materials-10-01074],[@B28-materials-10-01074],[@B29-materials-10-01074]\]. In this study, pull-off force of individual electrospun PVDF fibers is measured with respect to monocrystalline silicon substrate (100). PVDF is chosen in this study because of its good processability, chemical inertness, mechanical flexibility, and its ability to display piezoelectric behavior. In our previous studies \[[@B27-materials-10-01074],[@B28-materials-10-01074],[@B29-materials-10-01074]\], we used electrospinning to obtain PVDF fibers and demonstrated that these PVDF fibers can be used for dry-adhesive applications. However, the adhesion behavior of a single PVDF fiber was not investigated in our previous studies.

2. Materials and Methods {#sec2-materials-10-01074}
========================

Polymer solutions were prepared by dissolving poly(vinylidene fluoride) (PVDF, M~W~ \~360,000) (Sigma Aldrich, Singapore) in dimethylformamide (DMF, Sigma Aldrich, Singapore) and acetone mixture in 1:2 (vol/vol) ratio. The concentration of PVDF in this solvent mixture was varied from 6.5 to 26 wt %. The concentration of PVDF in the solution was varied to collect fibers with diameters ranging from 0.8 to 2.3 μm. Following this, the polymer solution was fed into a syringe equipped with an 18 gauge needle. A parallel-plate collector was used to collect uniaxially aligned PVDF fibers as shown in [Figure 1](#materials-10-01074-f001){ref-type="fig"}a \[[@B30-materials-10-01074]\]. Applied electric field during the electrospinning and the flow rate were maintained at \~1.0 kV/cm and \~0.5 mL/h, respectively.

Electrospun fibers were then collected on the custom-designed substrate for pull-off force measurements (see [Figure 1](#materials-10-01074-f001){ref-type="fig"}b). The custom-designed substrate consists of three pieces of silicon wafers that were glued to each other with silver paste, as shown in [Figure 1](#materials-10-01074-f001){ref-type="fig"}b. The dimensions of two identical silicon pieces were 5 mm × 10 mm × 0.5 mm (width × length × thickness). The dimensions of the third silicon piece were 12 mm × 10 mm × 0.5 mm (width × length × thickness). The typical width of the channel (*g*) used was \~0.5 mm. Individual electrospun fibers were then deposited over the channel in the custom designed substrate as shown in the schematic ([Figure 1](#materials-10-01074-f001){ref-type="fig"}).

3. Results and Discussion {#sec3-materials-10-01074}
=========================

A scanning electron microscope (SEM) (JSM-6700F, JEOL, Peabody, MA, USA) was used to examine the morphology of the PVDF fibers. The diameter of the fibers was determined from these SEM images. SEM was also used to visualize the fiber orientation with respect to the substrate and to record the measurements.

The mechanical tests on these PVDF fibers were performed using a PI85 picoindenter (Hysitron, Eden Prairie, MN, USA) mounted directly onto an SEM stage. The Performech^®^ II advanced control module attached to picoindenter was used to control the x-, y-, and z-movement of the tip, while observing it under SEM. This in situ nanomechanical testing technique inside a SEM with high precision (in terms of loading as well as displacements) has been a recent development in the Xtreme Materials Laboratory (XML) at the Singapore University of Technology and Design (SUTD) \[[@B31-materials-10-01074]\]. Related nanomechanical testing techniques have also been developed to enable in situ fracture observation in small-scale samples and nanoscale interfacial adhesion strength of advanced, novel multilayer materials \[[@B32-materials-10-01074]\].

In the first step, the indenter tip is brought perpendicular to the axis of the fiber. The indenter tip is then raised and brought in contact with the fiber. The point of contact is *g*/2, i.e., the center of the channel of the substrate. The fiber is then pushed by the indenter tip until it delaminate from the substrate (see [video 1](#app1-materials-10-01074){ref-type="app"}). Following this, the tip is retracted back to bring the fiber back to its initial position. The tip displacement rate is constant, but varied from 100 nm/s to 1 μm/s for different fibers. SEM recorded the measurements at 40 frames/s. We estimate the errors in recording the pull-off force and fiber dimensions to be ±0.2 μN and ±200 nm, respectively.

Electrospun PVDF fibers deposited on the custom-designed substrate are seen to attach firmly to the substrate, as confirmed by the images collected during the measurements (see [Figure 2](#materials-10-01074-f002){ref-type="fig"}). The adhesion of the fibers to the substrate is attributed to the van der Waals forces. An individual fiber bridging the channel is selected and pulled laterally at a constant displacement rate perpendicular to the surface of substrate until it delaminates from the surface. The tip is then retracted to bring the fiber back to its initial original unstretched position to complete the test cycle. SEM images taken during the test are shown in [Figure 2](#materials-10-01074-f002){ref-type="fig"}. A representative load vs. displacement curve is plotted in [Figure 3](#materials-10-01074-f003){ref-type="fig"}.

The pull-off force of fibers with diameters varying from 0.8 to 2.3 μm are measured from their respective load vs. displacement curves. [Table 1](#materials-10-01074-t001){ref-type="table"} shows the values of pull-off force measured for fibers with diameters ranging from 0.8 to 2 μm. Pull-off force as high as \~17.8 ± 0.2 μN is obtained for fiber with \~1 μm diameter. The pull-off force varies from 5.83 ± 0.2 to 17.8 ± 0.2 μN for \~1 μm diameter fiber. The variation in pull-off force for a given fiber diameter (\~1μm) can be attributed to (a) variation in the width (*g*) of the channel of silicon substrate; (b) mode of delamination of fiber from the surface of the substrate, which can be intermittent or continuous; and (c) orientation of the fiber with respect to the picoindenter tip. Further work is on-going to quantify the pull-off force as a function of all governing parameters. This future study will help in developing design-maps to predict pull-off force of single fibers with respect to the governing parameters. This, in turn, will help in predicting the properties of membranes composed of these single fibers.

4. Conclusions {#sec4-materials-10-01074}
==============

We present a preliminary study on measuring the adhesion properties of individual electrospun fibers using a novel technique combining picoindenter and scanning electron microscopy. This technique can be used to determine the mechanical property including adhesion behavior of an individual electrospun fiber, which will be useful to design macroscopic structures with desirable mechanical properties. Pull-off force of individual PVDF electrospun fibers from the silicon substrate was determined. Pull-off forces ranging between 5.8 ± 0.2 and 17.8 ± 0.2 μN were measured for individual electrospun PVDF fibers with an average diameter ranging from 0.8± 0.2 μm to 2.3 ± 0.2 μm. Further studies are under way to understand the interaction between individual fibers (varying compositions and varying diameters,) with varieties of substrates, under different operating conditions.
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![(**a**) Schematic of the electrospinning setup employed to collect uniaxially aligned poly(vinylidene fluoride) (PVDF) electrospun fibers; (**b**) schematic of the custom designed substrate employed to collect individual electrospun fibers. Here, *w*~s~ \~ 5 mm, *l*~s~ \~ 10 mm, *t*~s~ \~ 0.5 mm, *b* \~ 12 mm, and *L* \~ 10 m.](materials-10-01074-g001){#materials-10-01074-f001}

![Scanning electron microscopy (SEM) movie frames depicting the delamination of individual PVDF electrospun fiber from silicon substrate. After the initial contact of the fiber with indenter tip (**a**); the fiber is stretched (**b**) and delaminated from substrate (**c**). Red arrows indicate the contact points of the fiber and substrate/indenter tip.](materials-10-01074-g002){#materials-10-01074-f002}

![Representative load vs. displacement curve depicting pull-off force required to delaminate an individual PVDF fiber from silicon substrate.](materials-10-01074-g003){#materials-10-01074-f003}
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Pull-off force measured for fibers with diameters ranging from 0.8 to 2 μm.

  S. No   Fiber Diameter (μm)   Pull-Off Force (μN)
  ------- --------------------- ---------------------
  1       0.8                   5.5 ± 0.2
  2       1                     5.83 ± 0.16
  3       1                     17.76 ± 0.16
  4       1.4                   7.3 ± 0.2
  5       2                     8.93 ± 0.16
  6       2                     12.17 ± 0.5
